The present study employed mass sequencing of small RNA libraries to identify the repertoire of small noncoding RNAs expressed in normal CD4
A dult T-cell leukemia/lymphoma (ATLL) is an aggressive neoplasm of mature CD4 ϩ cells that is etiologically linked to infection with human T-cell leukemia virus type 1 (HTLV-1). About 15 to 25 million people are infected with HTLV-1 worldwide, with infection most prevalent in southwestern Japan and the Caribbean basin. The virus is transmitted through blood, semen, and breast milk. While most infected individuals remain asymptomatic, about 3% eventually develop ATLL after decades of clinical latency. HTLV-1 also causes tropical spastic paraparesis/ HTLV-associated myelopathy (TSP/HAM), a progressive demyelinating disease that targets mainly the thoracic spinal cord; similar to ATLL, TSP/HAM arises in about 3% of infected individuals, but after a latency period of years rather than decades (for reviews of HTLV-1 pathogenesis, see references 1 and 2).
HTLV-1 was the first human retrovirus to be identified and is the only one with a direct etiological link to cancer. HTLV-1 is classified as a "complex" retrovirus, as its genome contains extra open reading frames (ORFs), in addition to the gag, pol, pro, and env genes common to all retroviruses (reviewed in reference 3). The extra ORFs in HTLV-1 code for a transcriptional transactivator named Tax, a posttranscriptional regulatory protein named Rex, and four accessory proteins named HBZ, p30, p13, and p12/p8 (4).
HTLV-1 is found mainly in CD4
ϩ T cells in vivo. Infection of peripheral blood mononuclear cells (PBMC) with HTLV-1 yields interleukin 2 (IL-2)-dependent immortalized T cells, some of which progress to a fully transformed phenotype with IL-2-independent growth. The immortalizing potential of HTLV-1 is attributable primarily to the viral protein Tax. In addition to transactivating the viral promoter, Tax affects the expression and function of cellular genes controlling signal transduction, cell growth, apoptosis, and chromosomal stability (5) and is able to cause leukemia when expressed as a transgene in mice (6) . HBZ also likely contributes to the oncogenic properties of HTLV-1; it is mitogenic for T cells (7) and is able to induce leukemia in transgenic mice (8) . Other accessory proteins may affect viral transmission and persistence (9) (10) (11) .
In the present study, we investigated the expression repertoire of small noncoding RNAs, in particular microRNAs (miRNAs) and tRNA fragments (tRFs), in HTLV-1-infected cells. MicroRNAs negatively regulate gene expression at the posttranscriptional level by base pairing to specific target mRNAs in RNA-induced silencing complexes (RISC) containing Argonaute proteins. Perfect base pairing leads to degradation of the mRNA in an RNA interference (RNAi)-like manner, while imperfect base pairing (the more frequent interaction) results in a block of translation (12) . Posttranscriptional regulation of gene expression by microRNAs is of critical importance in normal cell physiology, and aberrant expression of microRNAs is emerging as a key component of a wide range of pathologies, including solid and hematological tumors (13) .
Expression studies based on quantitative reverse transcription (RT)-PCR and microarray analysis identified a number of cellular microRNAs that are downregulated or upregulated in HTLV-1-infected cell lines and ATLL cells (14) (15) (16) (17) . Viruses may also produce microRNAs as a means of regulating the expression of viral or host genes (18) . Recent studies of bovine leukemia virus (BLV), a retrovirus in the same subfamily as HTLV-1, revealed the expression of a cluster of viral microRNAs (19, 20) . A computational analysis of the HTLV-1 genome identified 11 sequences with potential to form stem-loop structures that could yield viral microRNAs (21) .
tRFs are produced from the 3= ends of tRNA precursors or from the 5= ends or the 3= ends of mature tRNAs and are designated tRF-1, tRF-5, and tRF-3, respectively (22) . tRFs have an average length of 19 nucleotides (nt) (23) and, similar to microRNAs, are produced by specific cleavage events rather than through degradation. tRF-1 sequences are cleaved from tRNA precursors by RNase Z, while Dicer was shown to be responsible for cleavage to produce a tRF-5 sequence (23) and a tRF-3 sequence (24) . Although not much is known about the function of tRFs, some are able to form complexes with Argonaute proteins (23, 24) , and one tRF-3 sequence repressed expression of specific mRNA targets through a microRNA-like mechanism (24) .
We employed massive sequencing to identify the repertoire of microRNAs and tRFs expressed in HTLV-1-infected cells compared to normal CD4 ϩ T cells. Comparison of the frequencies of known microRNAs in the libraries revealed 3 microRNAs that were differentially expressed in the infected cell lines compared to CD4 controls, 2 small RNAs that matched HTLV-1 sequences, and several abundant tRFs. We provide evidence that a tRF corresponding to the 3= end of tRNA-proline (Pro) is incorporated into virus particles and can function as a primer for viral reverse transcriptase.
MATERIALS AND METHODS
Cell culture. Cell lines C91PL and MT-2, chronically infected with HTLV-1 (25) , were maintained in RPMI (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS) (Invitrogen), 2 mM glutamine (Invitrogen), 100 units/ml penicillin, and 20 units/ml streptomycin (complete RPMI). PBMC were isolated from buffy coat fractions obtained from healthy plasma donors attending the Transfusion Unit of Padua City Hospital by centrifugation through Ficoll-Hypaque (GE Healthcare). Half of the PBMC sample was immediately processed using the MACS CD4 ϩ T cell Isolation Kit II (Miltenyi Biotec), and the resulting CD4 cells were harvested for total RNA (see below). The other half of the PBMC preparation was placed in complete RPMI (1 ϫ 10 6 cells/ml) supplemented with 100 g/ml phytohemagglutinin (PHA) (Sigma-Aldrich) and cultured for 48 h. The culture was then supplemented with 50 U/ml IL-2 (Proleukin-Chiron), incubated for an additional 48 h, and harvested for isolation of CD4 cells with the MACS kit. Flow cytometry analysis revealed that the isolated cell preparations contained more than 99% and 94% CD4 cells in the unstimulated and stimulated preparations, respectively. Total RNA was isolated using TRIzol (Invitrogen). The quality of the RNA was assessed by electrophoresis using the RNA 6000 Nano Assay LabChip Kit and Agilent 2100 Bioanalyzer, and the RNA concentration was measured using a Nanodrop spectrophotometer.
Generation of small RNA libraries. Small RNA libraries were generated according to the method of Lau et al. (26) as follows. A 10-g aliquot of each total RNA preparation was spiked with a 32 P-labeled 23-nt RNA tracer and then subjected to polyacrylamide gel electrophoresis (PAGE) through a 15% denaturing gel, along with a 32 P-labeled aliquot of Decade RNA ladder (Ambion); the presence of the RNA tracer permitted visualization of each modification and purification step after exposure of the gel to a phosphorimaging screen (Storm; GE Healthcare). Species migrating in the ϳ18-to 25-nucleotide size range were excised from the gel, eluted, and ethanol precipitated. The RNA was then modified by addition of a 17-nt oligonucleotide linker (miRNA Cloning Linker 1; IDT) at the 3= end with RNA ligase (GE Healthcare), PAGE purified through a 12% denaturing gel, modified with a second 17-nt oligonucleotide linker at the 5= end, and PAGE purified again through a 10% denaturing gel. The resulting modified RNA was reverse transcribed and PCR amplified in preparation for sequencing according to a protocol provided by G. Hannon (Cold Spring Harbor Laboratory), as described previously (27) . The resulting samples were subjected to 454 massive sequencing using a Roche Life Sciences platform. The total numbers of sequence reads were 7,709 (freshly isolated CD4), 7,818 (stimulated CD4), 7,603 (C91PL), and 6,801 (MT-2). The library prepared from freshly isolated CD4 ϩ cells was described previously (27) . Lists of sequence reads are available upon request.
Identification of microRNAs and tRFs by bioinformatics analysis. The sequence reads were trimmed from matches with sequencing primers or linker sequences and subjected to nonredundancy analysis with the NCBI nrdb program of the BLAST suite (28) .
The sequences were compared with the mature microRNA subset of the mirBase database, version 18 (http://www.mirbase.org/) using the Smith-Waterman search program from the FastA sequence analysis suite (29) , allowing a maximum of one mismatch between the sequence read and the reference mature miRNA. Read counts annotated with the mature microRNA names were tested for differential expression with the Bioconductor edgeR package (30) . Reads that did not match mature microRNAs were subjected to a further comparison with mirBase precursor sequences. Sequences that did not map to known microRNA precursors were compared with the downloaded FastA sequences from the Genomic tRNA database (http://gtrnadb.ucsc.edu/) using the SHRiMP program (http://compbio.cs .toronto.edu/shrimp/). tRF-3019 and other tRFs were identified by searching sequence lists with Excel tools. The small RNA sequences that did not correspond to known microRNAs or tRFs were subjected to novel small RNA prediction with the mirDeep2 pipeline (31), but no suitable novel candidates were found. The analyses were integrated with ad hoc written perl scripts.
To identify potential viral microRNAs, the sequence sets were compared to the HTLV-1 genome sequence ATK (GenBank accession no. J02029 and DDBJ accession no. M33896). Sequences with Ն90% identity with HTLV-1 and Յ2 gaps and Յ2 mismatches were further analyzed as described in Results below.
RT assay using tRF-3019. (i) Preparation of RNA template. A DNA fragment corresponding to nt 721 to 822 of HTLV-1 ATK was PCR amplified using the HTLV-1 molecular clone ACH (32) as a template and primers U5-s and Gag-as (see Table S1 in the supplemental material). A 20-nt tail was added to the 5= end of the product with a second round of PCR using primers Tail-U5-s and Gag-as. The 129-nt fragment was cloned into vector pSG5E, which is a modified version of pSG5 (Stratagene) containing the polylinker of pBluescript (Stratagene) 3= to the T7 promoter. The resulting plasmid (pSG-U5-PBS) was linearized 3= to the insert and in vitro transcribed with T7 RNA polymerase (Invitrogen). After a DNase 1 digestion to eliminate the plasmid, the mixture was extracted with phenol-chloroform and ethanol precipitated to recover the RNA. The resulting pellet was resuspended in distilled H 2 O and stored at Ϫ80°C.
(ii) Preparation of virus particle lysates containing HTLV-1 reverse transcriptase. Confluent cultures of C91PL cells were centrifuged at low speed to remove the cells. The supernatant was passed through a 0.45-m filter (Sartorius) and centrifuged at 24,000 rpm in an SW28 rotor for 2 h. The pelleted material was resuspended in lysis buffer (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.5% Nonidet-P40; 10 l per 10 ml centrifuged supernatant) and stored at Ϫ80°C.
(iii) RT assay. The RT assay was based on a published method (33, 34) . For each RT assay, a 100-ng aliquot of in vitro-transcribed RNA was combined with 10 pmol of either tRF-3019 RNA, miR-150-5p RNA (negative control), tRF-3019 DNA (positive control), or water instead of primer in a 10.5-l volume; annealed at 70°C for 10 min; and then cooled on ice. The mixtures were brought to a final volume of 20 l containing 1 mM each deoxynucleoside triphosphate (dNTP), 10 U RNase inhibitor, RT buffer (25 mM Tris-HCl, pH 8.3, 5 mM MgCl 2 , 50 mM KCl, 2 mM dithiothreitol [DTT]), and 2 l virion lysate and incubated at 37°C for 1 h, followed by 95°C for 5 min. A 2.5-l aliquot of the cDNA product was amplified in a final volume of 25 l containing 1ϫ Taq Gold PCR buffer, 2 mM MgCl 2 , 200 M dNTPs, 5 pmol each of primers Tail-s and U5-as, and 0.5 U AmpliTaq Gold DNA polymerase (Life Technologies). The PCR method consisted of a denaturation step at 94°C for 1 min, followed by 25 cycles of denaturation at 94°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 45 s. The products were analyzed on a 6% polyacrylamide gel and stained with ethidium bromide. Images were obtained using a Bio-Rad Gel Doc XRS system.
RT-PCR to detect tRFs, tRNAs, and gag/pol RNA. FBS may contain exosomes carrying small RNAs; to avoid this possible source of contamination, complete RPMI containing 20% FBS was centrifuged at 24,000 rpm for 4 h using a Beckman-Coulter SW28 rotor to pellet any exosomes. The supernatant medium was then passed through a 0.2-m filter and brought to 10% FBS by adding an equal volume of RPMI containing antibiotics and glutamine. C91PL cells were cultured to confluence in the exosome-depleted medium, and virus particles were recovered as described above. RNA was isolated from the pelleted particles and the producer C91PL cells using TRIzol LS (Life Technologies). Aliquots of the RNA were subjected to denaturing PAGE through a 15% polyacrylamide gel to separate species in the size range of full-length tRNAs from the small RNAs, with tRNAs visible in the cellular RNA sample and 5 pmol synthetic miR-150-5p serving as size markers for the 2 fractions. The gel was stained with ethidium bromide, and the regions containing tRNAs and small RNAs (about 15 to 30 nt) were excised, crushed, and incubated with gentle mixing in elution buffer (300 mM sodium acetate, pH 5.2, 1 mM EDTA) overnight at 4°C. RNA was ethanol precipitated and resuspended in distilled H 2 O (10 l per 19 ml of original culture supernatant) (see Fig.  6 , where the fractions are labeled tRNA and tRF).
The primer sets used to amplify tRF-3019, tRF-3003, and the tRNAs from which they are derived (tRNA-Pro and tRN-Ala, respectively) are listed in Table S1 in the supplemental material (also see Fig. 6A ). RT-PCR to detect tRF-3019 and tRF-3003 was based on a protocol for detecting microRNAs (35) . Size-fractionated RNA (2 l) was annealed with 2 pmol primer RT7-tRF-3019 or RT8-tRF-3003 at 70°C for 10 min in a 7.5-l volume. The mixture was brought to 10 l with the addition of 1 mM dNTP, 1ϫ RT buffer, and 5 U avian myeloblastosis virus (AMV) reverse transcriptase (Finnzymes) and reverse transcribed at 40°C for 1 h. Twomicroliter aliquots of the resulting cDNAs were PCR amplified in a final volume of 25 l containing 1ϫ Taq Gold PCR buffer, 1.5 mM MgCl 2 , 200 M dNTP, 0.1 pmol of primer Short-tRF-3019 or Short-tRF-3003, 2.5 pmol each of primers PCR-tRF-s and PCR-tRF-as (specific for tails added by the RT primer and Short-tRF primer), and 0.5 U AmpliTaq Gold DNA polymerase. The PCR method consisted of a denaturation step at 95°C for 10 min and 5 cycles of denaturation at 95°C for 30 s, annealing at 40°C for 45 s, and extension at 72°C for 30 s, followed by 22 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 45 s, and extension at 72°C for 30 s.
To detect tRNA-Pro and tRNA-Ala, 1 l of size-fractionated RNA was reverse transcribed in a 10-l reaction mixture at 53°C for 50 min using the antisense primer and Superscript III (Life Technologies). The resulting cDNA (2.5 l) was PCR amplified using sense and antisense primers and AmpliTaq Gold, with a denaturation step at 95°C for 8 min, followed by cycles of denaturation at 95°C for 40 s, annealing at 60°C for 40 s, and extension at 72°C for 40 s (30 cycles for tRNA-Ala and 26 cycles for tRNAPro). To detect gag/pol RNA, 0.5 l of RNA from virus particles or 200 ng total RNA from producer C91PL cells was reverse transcribed using primer Gag-as and Superscript III and then PCR amplified using primers U5-s and Gag-as (see Table S1 in the supplemental material) and AmpliTaq Gold as described above for 30 cycles with an annealing temperature of 59°C and a final extension step for 5 min at 72°C. The PCR products were separated on 6% polyacrylamide gels.
RESULTS
Generation, sequencing, annotation, and quantification of small RNA libraries. Total RNA was isolated from the HTLV-1-infected cell lines C91PL and MT-2 (25), which have a CD4 ϩ phenotype, and from control normal unstimulated and in vitrostimulated CD4 ϩ T cells. RNA species of ϳ18 to 25 nt were separated by polyacrylamide gel electrophoresis and modified with tags at the 5= and 3= ends according to the method of Lau et al. (26) and sequenced using a Roche 454 Life Sciences platform. Sequence reads were mapped against mirBase release 18 to identify the populations of mature known microRNAs in the investigated cell lines, and the edgeR Bioconductor statistical package (see Materials and Methods) was employed to identify statistically significant differences in the frequencies of known microRNAs.
The graphs in Fig. 1 illustrate the 10 most abundant known microRNAs identified in the libraries. miR-142-3p, a marker of hematopoietic cells, stood out as the most abundant microRNA in freshly isolated CD4 ϩ T cells and in the infected cell line MT-2, with a frequency more than triple that of the other microRNAs. miR-21, a microRNA known to be linked to T-cell activation and transformation (36) , became nearly as frequent as miR-142-3p upon in vitro stimulation of CD4 ϩ cells and was also abundant in the two infected cell lines.
To identify the microRNAs connected with HTLV-1 infection, we calculated differences in the frequencies of microRNAs in infected cell lines versus resting and stimulated CD4 ϩ T cells. Three microRNAs were differentially expressed in both infected cell lines compared to control CD4 cells (indicated in boldface in Table 1 : miR-34a-5p was upregulated, and miR-150-5p and miR-146b-5p were both downregulated). An analysis performed using the miRDeep2 software did not yield any putative new microRNA candidates among the sequence reads detected in this study.
Small RNAs expressed by HTLV-1. With the aim of identifying viral microRNAs, the reads obtained from MT-2 and C91PL cells were aligned to the HTLV-1 genome. This analysis yielded 25 sequences with Ն90% identity with HTLV-1 and Յ2 gaps and Յ2 mismatches (data not shown). Two sequences shown in Fig. 2A perfectly matched the primary plus-strand HTLV-1 transcript.
Both sequences were present only in the MT-2 library. Sequence MT-2/A was positioned in exon 3, between the stop codons for p30/p13 and Rex. Sequence MT-2/B was located in the R region, in a position within stem-loop D of the Rex response element (RXRE) (37) . This segment of the HTLV-1 genome was predicted to form a microRNA precursor hairpin (pre-miRNA)-like structure and thus to have the potential to give rise to a viral microRNA (21) . Figure 2B shows the predicted secondary structures of genomic regions containing MT-2/A and MT-2/B with 5= and 3= flanking sequences to simulate their position in the 5= portion of a pre-miRNA. Results showed that sequence MT-2/A is likely to be present mostly in an unstructured region, while sequence MT-2/B has a high probability to be positioned in a stem.
tRFs expressed in HTLV-1-infected cells. We next tested the sequences identified in the libraries for perfect matches to the 135 tRFs reported by Lee et al. in a study of prostate cancer cell lines (22) . Table S2 in the supplemental material lists the number of sequence reads for each tRF, as well as isoforms showing variations at the 5= or 3= end. Overall, in both normal and HTLV-1-infected CD4 cells, fragments processed from the 3= ends of mature tRNAs (tRF-3) were considerably more abundant than tRFs produced from the 3= ends of tRNA precursors (tRF-1) or from the 5= ends of mature tRNAs (tRF-5) (Fig. 3B) . Figure 3C shows the most abundant tRFs identified in the libraries. Among the 22 previously described tRF-1 sequences, tRF-1001 was the most abundant. tRF-1001, as well as the other tRFs, were upregulated in normal CD4 ϩ cells upon mitogenic stimulation. tRF-3004 and tRF-3029 were more abundant in C91PL cells than in stimulated CD4 ϩ controls, and MT-2 cells yielded few tRF sequences compared to the other 3 cell types. The tRF-3 class also includes tRF-3019 (22) . This tRF corresponds to the 3= end of tRNA-Pro, the tRNA considered to serve as the primer for HTLV-1 reverse transcriptase (38) . tRF-3019 was the fifth most abundant tRF identified in our libraries and was most abundant in stimulated CD4 ϩ cells. A BLAST search for tRNA genes able to produce tRF-3019 yielded 21 tRNA-Pro genes located on chromosomes 1, 5, 6, 11, 14, 16, and 17 (see Table S3 in the supplemental material). The four libraries contained several tRF-3019 isoforms with additional nucleotides at the 5= end that perfectly matched the human genome but were not complementary to the viral genome (Fig. 4) . The libraries also contained a small number of reads corresponding to fragments derived from other portions of tRNA-Pro.
tRF-3019 functions as a primer for HTLV-1 reverse transcriptase. It is noteworthy that only the portion of tRNA-Pro corresponding to tRF-3019 is complementary to the HTLV-1 primer binding site (PBS) (Fig. 5A) , suggesting that the tRF would be fully sufficient as a primer for reverse transcription. We thus tested the primer activity of tRF-3019 in an in vitro reverse transcriptase assay carried out using a synthetic RNA template and the reverse transcriptase contained in HTLV-1 particles recovered from the culture supernatant of C91PL cells (Fig. 5A) . The RT assay mixtures contained either no primer, synthetic tRF-3019 RNA, or tRF-3019 DNA as a positive control or miR-150-5p RNA as a negative control. The PCR mixture contained a sense primer specific for a tail sequence present in the synthetic RNA template and an antisense primer positioned immediately 5= to the PBS. Figure  5B shows the results of the assays. The RT assay performed using tRF-3019 RNA yielded the expected 87-bp PCR product, thus confirming that tRF-3019 can function as a primer for HTLV-1 reverse transcriptase. The assay carried out using a tRF-3019 DNA primer yielded the 87-bp product, along with a longer product Table S2 in the supplemental material). (C) Sequence reads for tRFs with a total of at least 50 sequence reads summed among the 4 libraries.
indicated by the gray arrow in Fig. 5B . This second band corresponded in size to an amplicon produced with the tail primer and residual tRF-3019 DNA present in the cDNA (i.e., 107 bp). Interestingly, trace amounts of the 87-bp product were also detected in the assays carried out using C91PL RT and miR-150-5p or no primer. This amplicon may have originated from cDNA primed by tRNA-Pro or tRF-3019 present in the viral particle lysate that was used as a source of reverse transcriptase (see below).
HTLV-1-infected cells release particles containing tRF-3019. Having established that tRF-3019 is capable of priming HTLV-1 reverse transcription, we next tested for the presence of tRNA-Pro and tRF-3019 in virus particles recovered from supernatants of C91PL cultures. As a control, we also assayed for tRF-3003, the most abundant tRF-3 detected in the 4 libraries, along with its parent, tRNA-alanine (Ala). As described in Materials and Methods, RNA isolated from the virus particles and producer cells was subjected to denaturing PAGE to separate species in the tRF size range from full-length tRNAs. This was necessary, as the tailed RT-PCR primers utilized to detect the tRFs also amplified the 3= ends of the full-length tRNAs (Fig. 6A) . RT-PCR products were separated by PAGE; the intensities of the resulting bands were measured to estimate relative abundances of the tRNAs and tRFs in virus particles versus cells. Figure 6B shows PAGE analyses of the RT-PCR products obtained for tRNA-Ala and tRNA-Pro. As expected, both tRNA-Ala and tRNA-Pro were readily detected in the C91PL cells. However, a plot of the ratios of the band intensities (Fig. 6D) revealed that tRNA-Pro was enriched in virus particles compared to tRNA-Ala. The RT-PCR products for both tRNAs were much more evident in the full-length tRNA fraction than in the tRF fraction, indicating that the denaturing PAGE purification step resulted in acceptable separation of the 2 size classes. Figure 6C shows the results of RT-PCR carried out on the same samples using primer sets that amplified the tRFs present in the tRF fraction and the 3= ends of the tRNAs in the tRNA fraction. Calculation of band intensity ratios (Fig. 6D) showed that tRF-3003 was much less abundant in the virus particles than in the cells, while tRF-3019 was detected at comparable levels in virus particles and cells. Therefore, we concluded that tRF-3019 was enriched in virus particles compared to tRF-3003.
These findings indicate that both tRNA-Pro and tRF-3019 are incorporated into particles released in the supernatant of HTLV-1-infected cells. It is necessary to point out that these particles may also contain exosomes, which may also package proteins and RNA. However, the observation that the particles were enriched for tRNA-Pro and tRF-3019 compared to tRNA-Ala and tRF-3003 supports a specific packaging process directed by interaction of the tRNA/tRF with the HTLV-1 PBS. As shown in Fig. 6E , RT-PCR assays on RNA isolated from the particles confirmed that they contain the HTLV-1 genomic gag/pol mRNA. Therefore, although we cannot exclude the presence of exosomes in the particle preparations, our findings demonstrate that these particles contain reverse transcriptase activity (Fig. 5) and the viral genome and are enriched for the PBS-specific tRNA-Pro and tRF-3019. Taken together, these results strongly suggest that tRF-3019 participates in HTLV-1 reverse transcription.
DISCUSSION
In the present study, we employed mass sequencing to identify the repertoire of small noncoding RNAs expressed in normal T cells obtained from the University of California, Santa Cruz, tRNA database and modified by adding the 3= CCA triplet that is present on mature tRNAs and tRF-3 sequences (Fig. 3) . (Bottom) Sequences of the tRFs and number of reads identified in each library. compared to cells transformed with HTLV-1. The results revealed a distinct pattern of microRNA expression in HTLV-1-infected cells, two virus-encoded small RNAs, and a number of tRFs. Interestingly, the tRNA fragment tRF-3019 was detected in virus particles and was capable of priming HTLV-1 reverse transcription.
Three microRNAs were differentially expressed in both infected cell lines compared to control CD4 ϩ cells: miR-34a-5p was upregulated, and miR-150-5p and miR-146b-5p were both downregulated. Their shared pattern of regulation in the two infected cell lines suggests that these microRNAs play important roles in HTLV-1 infection/transformation, rather than representing markers of T-cell activation, which are also present in HTLV-1-infected cells.
The observation that miR-150-5p expression is reduced in HTLV-1-infected cell lines is consistent with other studies (15, 16) . miR-150-5p undergoes upregulation during T-cell development (27) but is diminished upon stimulation of normal murine CD4 ϩ T cells (39) . Expression of miR-150-5p is increased in several hematological tumors, including ATLL samples (15, 16) , but is downregulated in the cutaneous CD4 ϩ T-cell lymphoma Sézary syndrome (40) , in NK/T-cell lymphomas (41) , and in several other hematological malignancies (reviewed in reference 42). Forced expression of miR-150-5p in B-lymphoma cell lines (43), T-acute lymphoblastic leukemia (T-ALL) cell lines (27) , and NK cell lines (41) produced antiproliferative and/or proapoptotic effects. Validated targets of miR-150-5p include the oncogenes c-Myb (44) and NOTCH-3 (27) , as well as the HIV-1 3= untranslated region (UTR) (45) . It is noteworthy that the minus-strand HTLV-1 transcripts coding for HBZ contain 2 potential binding sites for miR-150-5p (46) . miR-146b-5p is gradually upregulated during T-cell development from the double-positive CD4 ϩ CD8 ϩ to the single-positive CD4 ϩ or CD8 ϩ stage (27) . The sequence of miR-146b-5p is almost identical to that of miR-146a, which was identified as upregulated through the action of Tax in previous studies of HTLV-1-infected cell lines (14, 47) . miR-146b-5p mRNA targets, therefore, likely overlap those identified for miR-146a, which include the Toll-like receptor signaling pathway proteins TRAF6 and IRAK1 (48) , the apoptosis signaling protein FADD (49) , and the chemokine receptor CXCR4 (50) . miR-146b-5p is downregulated in ATLL (16, 17) , Sézary syndrome (40) , and several other Table S1 in the supplemental material.
hematological malignancies but is upregulated in mycosis fungoides (51) and pediatric acute myeloid leukemia (52; reviewed in reference 42).
miR-34a-5p is known to be upregulated by p53 in response to genotoxic and oncogenic stresses. miR-34a-5p targets genes affecting cell proliferation and survival, resulting in growth arrest, senescence, and apoptosis; its downregulation in several solid tumors suggests a tumor suppressor role (53) . miR-34a-5p was found to be more abundant in memory versus naive CD4 ϩ T cells (54) and is upregulated in Epstein-Barr virus-transformed B Recent studies revealed that BLV, a complex oncogenic retrovirus related to HTLV-1, encodes a cluster of viral microRNAs (19, 20) . Our deep-sequencing analysis also revealed two virusencoded small RNA species (MT-2/A and MT-2/B). However, the fact that MT-2/A and MT-2/B were detected with only one sequence read each suggests that, in contrast to BLV, HTLV-1 may not rely on viral microRNAs as a mechanism of posttranscriptional regulation. Alternatively, the production of viral microRNAs might not be favored in cells that are chronically infected, such as MT-2 and C91PL. Therefore, before concluding that HTLV-1 does not produce microRNAs, it will be important to measure their levels of expression in the context of primary samples obtained from infected patients.
The greater representation of tRF-3 sequences than of tRF-1 and tR-5 classes in the libraries is in line with the preponderance of tRF-3 sequences found in prostate cancer cell lines (see Table S2 in reference 22) and in mature B cells (24) . Previous functional studies of tRF-1001, which was abundantly expressed in our libraries, revealed its elevated expression in cancer cell lines compared to normal tissue samples and indicated that it is required for cell proliferation (22) . Among the tRF-3 sequences abundantly expressed in the four libraries, functional data are available for tRF-3018 in the context of B cells (24) . This tRF, named CU1276 in the B-cell study, was differentially expressed in different stages of Bcell maturation, with the greatest expression found in the germinal center (GC) stage while it was absent in GC-derived lymphoma cells. Functional studies of tRF-3018/CU1276 verified its ability to associate with Argonaute proteins and to repress expression of RPA1, a protein involved in DNA replication and repair (24) .
The present study focused on tRF-3019, as it corresponds to the 3= end of tRNA-Pro, which is generally considered to be the primer for HTLV-1 reverse transcriptase (38) . tRF-3019 was capable of priming HTLV-1 reverse transcription (Fig. 5 ) and was enriched in virus particles (Fig. 6 ). Taken together, these observations support a role for tRF-3019 in the life cycle of HTLV-1.
As shown in Fig. 4 , 12 of the 18 nucleotides of tRNA-Pro that are complementary to the HTLV-1 PBS are based paired in the mature tRNA. This positioning of the primer portion of the tRNA in a closed stem is a characteristic of all retroviral tRNA primers. These hydrogen bonds must be disrupted in order for the primer to bind to the PBS, which would not be necessary if a tRF is used as a primer.
The libraries examined in the present study contained a few sequence reads for tRF-3015, which represents the 3= end of tRNA-lysine (Lys), the primer for HIV-1 (see Table S2 in the supplemental material). Schopman et al. (59) pointed out the possibility that tRFs may serve as primers for reverse transcriptase but also presented experimental evidence from studies of HIV-1 that did not support this proposal. Efficient HIV-1 reverse transcription requires interactions of tRNA-Lys with the PBS, as well as other regions of the viral genome. Of particular importance is an 8-nt sequence termed the primer activation signal (PAS) located in the U5 region that binds to the third stem-loop (T arm) of tRNA-Lys and promotes initiation of reverse transcription and elongation of the cDNA (reviewed in reference 60). Although all retroviruses are predicted to contain a PAS (61), the putative PAS in HTLV-1, which is positioned approximately 10 nucleotides 5= to the PBS, has not yet been functionally characterized.
The secondary structure of the tRNA primer must also be disrupted to allow nucleotides in the T arm to interact with the PAS. In HIV-1, the NC protein plays an important role in unfolding tRNA-Lys to allow its binding to the HIV-1 PAS (62). Interestingly, a study of NC proteins from several retroviruses indicated that the HTLV-1 NC protein possesses comparatively weak nucleic acid chaperone activity (63) . It is possible that another mechanism is responsible for unfolding of tRNA-Pro or that the PAS interaction is not important for HTLV-1.
Alternatively, tRF-3019 may serve as the major primer. In fact, our in vitro assay showed that tRF-3019 permits reverse transcription of a segment of HTLV-1 RNA containing the PBS and predicted PAS. The detailed picture of the interactions between HIV-1 RNA elements and its tRNA primer raises the possibility that tRFs representing the 3= ends of primer tRNAs might support the initiation of reverse transcription, but not progressivity, with failure to proceed to the strand transfer step. In this case, tRF-3019 might inhibit the overall process of reverse transcription, thus acting as a restriction factor for HTLV-1 replication. Further studies will be necessary to test these hypotheses by comparing the abilities of tRF-3019 and tRNA-Pro to prime and support strand transfer.
